Decreased Numbers of CD4+ Naive and Effector Memory T Cells, and CD8+ Naïve T Cells, are Associated with Trichloroethylene Exposure by Hosgood, H. Dean et al.
ORIGINAL RESEARCH ARTICLE
published: 10 January 2012
doi: 10.3389/fonc.2011.00053
Decreased numbers of CD4+ naive and effector memoryT
cells, and CD8+ naïveT cells, are associated with
trichloroethylene exposure
H. Dean Hosgood III
1*, Luoping Zhang
2, XiaojiangTang
3*, RoelVermeulen
4, Chuangyi Qiu
3, Min Shen
1,
MartynT. Smith
2,Yichen Ge
3, Zhiying Ji
2, Jun Xiong
5, Jian He
6, Boris Reiss
4, Songwang Liu
7,Yuxuan Xie
3,
Weihong Guo
2, Noe Galvan
2, Laiyu Li
3, Zhenyue Hao
8†, Nathaniel Rothman
1†, Hanlin Huang
3† and
Qing Lan
1†
1 Occupational and Environmental Epidemiology Branch, Division of Cancer Epidemiology and Genetics, National Cancer Institute, Bethesda, MD, USA
2 School of Public Health, University of California at Berkeley, Berkeley, CA, USA
3 Guangdong Poison Control Center, Guangdong, China
4 Utrecht University, Utrecht, Netherlands
5 Dongguan Center for Disease Control and Prevention, Guangdong, China
6 Zhongshan Center for Disease Control and Prevention, Guangdong, China
7 Qiaotou Hospital, Dongguan, China
8 The Campbell Family Institute for Cancer Research, University Health Network,Toronto, ON, Canada
Edited by:
Mohandas K. Mallath,Tata Memorial
Centre, India
Reviewed by:
Wagner Ricardo Montor, Faculdade
de Ciências Médicas da Santa Casa
de São Paulo, Brazil
Jie Lin,The University ofTexas MD
Anderson Cancer Center, USA
*Correspondence:
H. Dean Hosgood III, Occupational
and Environmental Epidemiology
Branch, Division of Cancer
Epidemiology and Genetics, National
Cancer Institute, 6120 Executive
Blvd., EPS 8120, MCS 7240,
Bethesda, MD 20892-7240, USA.
e-mail: hosgoodd@mail.nih.gov;
XiaojiangTang, Guangdong Medical
Laboratory Animal Center, 119 Poyang
Road, Nanhai District, Foshan,
Guangdong 528248, China.
e-mail: river-t@126.com
†Zhenyue Hao, Nathaniel Rothman,
Hanlin Huang and Qing Lan have
contributed equally to this work.
Trichloroethylene (TCE) is a volatile chlorinated organic compound that is commonly used
as a solvent for lipophilic compounds. Although recognized as an animal carcinogen,TCE’s
carcinogenic potential in humans is still uncertain. We have carried out a cross-sectional
study of 80 workers exposed toTCE and 96 unexposed controls matched on age and sex
in Guangdong, China to studyTCE’s early biologic effects.We previously reported that the
total lymphocyte count and each of the major lymphocyte subsets (i.e., CD4+T cells, CD8+
T cells, natural killer cells, and B cells) were decreased inTCE-exposed workers compared
to controls, suggesting a selective effect on lymphoid progenitors, and/or lymphocyte sur-
vival. To explore which T lymphocyte subsets are affected in the same study population,
we investigated the effect ofTCE exposure on the numbers of CD4+ naïve and memory
T cells, CD8+ naïve and memory T cells, and regulatory T cells by FACS analysis. Linear
regression of each subset was used to test for differences between exposed workers and
controls adjusting for potential confounders. We observed that CD4+ and CD8+ naïve T
cell counts were about 8% (p =0.056) and 17% (p =0.0002) lower, respectively, among
exposed workers. CD4+ effector memory T cell counts were decreased by about 20%
amongTCE-exposed workers compared to controls (p =0.001).The selective targeting of
TCE on CD8+ naive and possibly CD4+ naive T cells, and CD4+ effector memory T cells,
provide further insights into the immunosuppression-related response of human immune
cells uponTCE exposure.
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INTRODUCTION
Trichloroethylene (TCE) is a volatile chlorinated organic com-
pound that is used as a degreaser for metal parts and a general-
purpose solvent for lipophilic compounds. With the widespread
workplace and environmental exposures in the United States, it is
notsurprisingthatabout10%ofthepopulationhasbeenreported
to have detectable levels of TCE in their blood (Gist and Burg,
1995; Ashley et al., 1996; Wu and Schaum, 2000). While TCE
has been deemed an animal carcinogen,its carcinogenicity poten-
tial in humans has not been fully characterized (IARC, 1995).
Epidemiological studies have found associations between TCE
exposure and cancers of the kidney and liver, and non-Hodgkin
lymphoma (NHL; Raaschou-Nielsen et al., 2003; Scott and Chiu,
2006;Alexanderetal.,2007;Kelshetal.,2010;Purdueetal.,2010).
To better understand the human health effects associated with
TCE, we carried out a cross-sectional study to evaluate the bio-
logic plausibility of NHL associated with occupational exposure
to TCE in Guangdong,China (Lan et al.,2010). The primary goal
of this study was to follow up experimental studies indicating
TCE’spotentialtoalterkeylymphocytesubsetlevels,suchasCD4+
T cells (Blossom et al., 2004; Chen et al., 2006). Speciﬁcally, we
reported that the total lymphocyte count (but not the granulocyte
count)andeachof themajorlymphocytesubsetsincludingCD4+
T cells, CD8+ T cells, natural killer (NK) cells, and B cells were
decreasedamongtheTCE-exposedworkerscomparedtocontrols,
suggesting that TCE exposure has an effect on lymphoid progeni-
torsoronlymphocytematuration(Lanetal.,2010).Theseﬁndings
are of interest clinically since decreases in lymphocyte subsets
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maysuggestreducedimmunecapacity(SallustoandLanzavecchia,
2000).
To further explore the effects that TCE exposure may poten-
tially exert on speciﬁc lymphomagensis processes, we measured
T cell lymphocyte subsets including CD4+ naïve and memory T
cells, CD8+ naïve and memory T cells, and regulatory T cells in
the same population enrolled in our cross-sectional study of 80
workers exposed to TCE and 96 unexposed controls matched on
age and sex in Guangdong, China.
MATERIALS AND METHODS
The study design, participants, environmental exposure assess-
ment, and biological sample collection of this cross-sectional
molecular epidemiological study have been previously described
(Lan et al., 2010). Brieﬂy, a cross-sectional study of 80 workers
currently exposed to TCE in six study factories with TCE clean-
ing operations and 96 unexposed controls were enrolled in June
and July of 2006. Controls, frequency-matched by sex, and age
(±5years), were enrolled from two clothes manufacturing fac-
tories, one food production factory, and a hospital that did not
use TCE, and were in the same geographic region as the factories
thatusedTCE.Forallpotentiallyexposedworkersandunexposed
controls, subjects were excluded if they had a history of cancer,
chemotherapy, and radiotherapy, as well as previous occupations
with notable exposure to benzene,butadiene,styrene,and/or ion-
izing radiation. The study was approved by Institutional Review
Boards at the U.S., National Cancer Institute and the Guangdong
Poison Control Center in China. Participation was voluntary and
all subjects gave written informed consent.
Personal air exposure measurements were conducted for all
studysubjects.Full-shiftpersonalairexposuremeasurementswere
takeninthefactoriesusing3Morganicvapormonitoring(OVM)
badgesbeforeblood-collection.AllsampleswereanalyzedforTCE
and a subset (48 from TCE-exposed workers) was analyzed for
a panel of organic hydrocarbons including benzene, methylene
chloride, perchloroethylene, and epichlorohydrin. OVM samples
were also obtained on a subgroup of control workers. Subjects
were categorized into three groups by mean TCE levels measured
during the month before phlebotomy (unexposed workers,work-
ers with <12ppm TCE exposure, and workers with ≥12ppm
TCE exposure).A questionnaire-based interview,assessing demo-
graphics, lifestyle characteristics, and occupational history, was
administered to all subjects.
After phlebotomy, lymphocyte subsets were analyzed on the
same day that a peripheral blood sample was collected (Sallusto
et al., 1999). For the T lymphocyte subsets, peripheral white
blood cells were preincubated with Fc block for 15min at 4˚C
and immunostained with Abs recognizing the following: CD3
(UCHT1), CD4 (RPA-T4 or SK3), CD8 (SK1), CD45 (HI30),
CD45RA(HI100),CCR7(150503,R&Dsystems;allfromBDBio-
sciences unless otherwise speciﬁed). Mouse IgG1 κ (MOPC-21)
served as an isotype control. FCM data were acquired using a
ﬂow cytometer. For intracellular FoxP3 staining, peripheral white
blood cells were ﬁrst surface-stained with the following ﬂuores-
cent Abs against CD4 (RPA-T4) and CD25 (M-A251). The cells
were then ﬁxed, permeabilized, and stained with anti-FoxP3 anti-
body using the Anti-Human Foxp3 Staining Set kit according to
the manufacturer’s instructions (eBiosciences). Cells were then
acquiredandanalyzedbyFCMasdescribedabove.Measurements
from blinded quality control replicates interspersed among the
samples did not identify outlier batches. Assay CVs were <10%
foreachTcelllymphocytesubsetanalysisshowninTable 2,except
for CD8+ central memory T cells which was 23%.
Unadjusted means and standard deviations were determined
for each cell count subset. Linear regression using the natural
logarithm (ln) of each subset was used to test for differences
between unexposed and exposed workers, and to evaluate for a
dose–responseacrossexposuregroups(unexposedworkers,work-
ers exposed to <12ppm TCE, and workers exposed to ≥12ppm
TCE). All statistical models were adjusted for age (as a contin-
uous variable) and sex. Potential confounders, including current
cigarette smoking status (yes/no), current alcohol consumption
(yes/no),recentinfections(ﬂuorrespiratoryinfectionsinthepre-
vious month), and body mass index (BMI), were also included
in a model for a speciﬁc subset if the regression coefﬁcient was
alteredby±15%.ThetotallymphocytepercentfromtheCBCwas
used to calculate lymphocyte subsets, and an additional calcula-
tion was carried out using the lymphocyte percent obtained by
ﬂow cytometry.
RESULTS
Table 1 includes the demographic characteristics and TCE expo-
sure levels of our study population.Age,sex,and current smoking
status were comparable among the workers not exposed to TCE
and workers with low and high TCE exposure (Table 1). Mea-
sured air levels of TCE exposure were dramatically higher for the
exposed groups compared to the unexposed workers.
To expand on our previous report (Lan et al., 2010),
which found lymphocytes, T cells, and CD4+ Tc e l l st ob e
decreased among exposed workers compared to unexposed con-
trols (Figure 1), we analyzed three subsets of CD4+ T cells,
including CD4+ naïve T cells, CD4+ memory T cells, and the
T regulation subset. The associations between lymphocyte sub-
sets are provided in Table 2 comparing the unexposed workers
t oa l le x p o s e dw o r k e r s ,a sw e l la st ol o we x p o s e dw o r k e r sa n d
high exposed workers. Of note, we observed that CD4+ naïve
(CD45RA+CCR7+) T cell counts were about 8% (p =0.056)
lower among exposed workers compared to unexposed controls
(Figure2),whichwasrestrictedtoworkersexposedto≥12ppmof
TCE(p =0.02;p =0.58forworkersexposedto<12ppm;Table 2).
Furthermore, CD4+ effector memory (CD45RA−CCR7−)Tc e l l
counts were decreased by about 20% among TCE-exposed work-
ers compared to controls (p =0.001) whereas the CD4+ cen-
tral memory (CD45RA−CCR7+) T cell population was not
signiﬁcantly changed (Table 2). The decreased counts for the
CD4+ effector memory T cells were observed in workers with
<12ppm (p =0.014) and workers with ≥12ppm of expo-
sure (p =0.0034), in a dose-dependent manner (Ptrend =0.001;
Figure 2).
Of the CD8+ T cell subsets, we found that CD8+ naïve
(CD45RA+CCR7+) T cell counts were about 17% (p =0.0002)
less in the exposed versus controls whereas the numbers of CD8+
effector memory (CD45RA−CCR7−) were slightly decreased and
central memory (CD45RA−CCR7+) T cells were comparable
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Table 1 | Demographic characteristics by trichloroethylene (TCE) exposure level of study subjects from Guangdong, China.
Controls (n =96) TCE-exposed workers
All (n =80) <12ppm (n =39) ≥12ppm (n =41)
Age, mean (SD) 27 (7) 25 (7) 24 (5) 27 (8)
BMI, mean (SD) 22 (3) 21 (3) 21 (2) 22 (3)
SEX
Female n (%) 23 (24) 23 (29) 15 (38) 8 (20)
Male n (%) 73 (76) 57 (71) 24 (62) 33 (80)
SMOKE
No n (%) 58 (60) 46 (58) 22 (56) 24 (59)
Yes n (%) 38 (40) 34 (42) 17 (44) 17 (41)
INFECTION
No n (%) 75 (78) 65 (81) 31 (79) 34 (83)
Yes n (%) 21 (22) 15 (19) 8 (21) 7 (17)
TCE EXPOSURE
TCE air level (ppm)1 mean (SD) <0.03 22.19 (35.94) 5.19 (3.47) 38.36 (44.61)
1TCE air level is the arithmetic mean (±SD) of an average of two measurements per subject collected during the month before phlebotomy.
Table 2 |T cell subset counts mean±SD among trichloroethylene (TCE) exposed workers and unexposed controls.
Low exposed workers High exposed workers Ptrend
†††
Controls
†
TCE-exposedWorkers
†
(<12ppm)
†
(≥12ppm)
†
n Mean SD n Mean SD p Value
††
n Mean SD p Value
††
n Mean SD p Value
††
CD3+CD4+
CD4 naïve
(CD45RA+CCR7+)¥
86 283 126 70 262 130 0.056 32 293 142 0.58 38 236 113 0.017 0.02
CD4 MEMORY (CD45RA−)
Effector memory
(CD45RA−CCR7−)
‡
86 225 93 70 183 75 0.001 32 183 55 0.014 38 184 89 0.0034 0.001
Central memory
(CD45RA−CCR7+)
86 169 71 70 175 68 0.21 32 183 71 0.024 38 169 66 0.86 0.59
T REGULATION SUBSET
CD4+CD25+ 96 69 35 80 71 36 0.92 39 79 35 0.16 41 64 36 0.18 0.35
CD4+FoxP3+ 96 52 21 80 50 26 0.24 39 51 28 0.22 41 48 24 0.41 0.34
CD25+FoxP3+ 96 53 21 80 50 26 0.13 39 50 26 0.15 41 49 25 0.23 0.19
CD3+CD8+
CD8 naïve
(CD45RA+CCR7+)
86 216 117 70 179 101 0.0002 32 212 101 0.22 38 152 93 <0.0001 <0.0001
CD8 MEMORY (CD45RA−)
Effector memory
(CD45RA−CCR7−)*
86 150 72 70 132 62 0.25 32 143 68 0.82 38 123 55 0.057 0.09
Central memory
(CD45RA−CCR7+)
86 9 7 70 8 9 0.72 32 8 5 0.21 38 9 12 0.80 0.97
†Unadjusted mean (±SD) cells/μl blood;
††p value compares exposed workers, low exposed workers, and high exposed workers to controls, adjusted forage and sex;
†††Ptrend using category ofTCE levels (controls, <12, ≥12ppm) as a continuous variable.Twelve ppm was the medianTCE concentration of the exposed subjects. Ptrend
adjusted forage and sex;
‡adjusted for age, sex, and smoking;
¥ adjusted for age, sex, and infection; * adjusted for age, sex, and BMI.
(Figure 2; Table 2). Similar to the effects observed in for CD4+
naïve T cells,the decreased counts for CD8+ naïve T cells for were
restricted to workers exposed to ≥12ppm of TCE (p <0.0001;
p =0.22 for workers exposed to <12ppm; Table 2).
The regulatory T cells were not signiﬁcantly different between
the controls and exposed workers (CD4+CD25+, p =0.92;
CD4+FoxP3+, p =0.24; CD25+FoxP3+, p =0.13; Figure 2;
Table 2).
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FIGURE1|L ymphocyte and lymphocyte subset counts
(mean±SE) among trichloroethylene (TCE) exposed workers
and unexposed controls. Results previously reported in (Lan et al.,
2010). Lymphocytes and lymphocyte subset counts in relation toTCE
exposure level. Ptrend using category ofTCE levels (controls, <12 and
≥12ppm) as a continuous variable (*Ptrend <0.05).The medianTCE
concentration of all exposed subjects was 12ppm. Differences in
cell counts were tested by linear regression analysis of
ln-transformed end point, adjusting for relevant covariates [lymphocytes:
adjusted for age and sex; CD4
+, CD8
+, and NKT cells: adjusted for age and
sex, three subjects (two controls and one exposed) were deleted due to
inconsistent cell counts using complete blood count data versus ﬂow
cytometry to calculate % lymphocytes; B cell: adjusted for age, sex, and
smoking status].
FIGURE 2 |T cell subset counts (mean±SE) among
trichloroethylene (TCE) exposed workers and unexposed
controls.T cell lymphocyte subset counts in relation toTCE
exposure level. Ptrend using category ofTCE levels (controls, <12 and
≥12ppm) as a continuous variable (*Ptrend <0.05).The medianTCE
concentration of all exposed subjects was 12ppm. Differences in cell counts
were tested by linear regression analysis of ln-transformed end point,
adjusting for relevant covariates [CD4
+ central memory,T regulation subsets,
CD8
+ naïve, CD8
+ central memory cells: adjusted for age, sex; CD4
+ naïve
cells: adjusted for age, sex, infection; CD4
+ effector memory: adjusted for
age, sex, smoking status; CD8
+ effector memory: adjusted for age, sex, BMI];
*Ptrend <0.05.
DISCUSSION
To the best of our knowledge, this is the ﬁrst epidemiologi-
cal investigation of the impact that occupational exposure to
TCE has on T cell lymphocyte subsets, such as CD4+ naïve and
memory T cells, CD8+ naïve and memory T cells, and regu-
latory T cells. While no differences were observed between the
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regulatory T cells among controls and exposed workers, we did
observethatoccupationalexposuretoTCEdecreasedCD4+ effec-
tor memory T cell, CD4+ naïve T cell, and CD8+ naïve T cell
counts.
T cells function in response to immune related functions,such
as infectious agents and transplantation antigens, and are up- or
down-regulated accordingly. Within the human immune system,
T cells differentiate into two major subsets, CD4+ and CD8+
T cells. When the body is presented with an antigenic stimula-
tion,mature CD4+,and CD8+ naïve T cells are found to undergo
clonal expansion and differentiate into effector cells, which either
undergo apoptosis or develop into effector–memory cells (Mar-
rack and Kappler, 2004; Stockinger et al., 2004). The resulting
CD4+ effector memory and CD8+ effector memory T cells that
lack CCR7 expression, do not recirculate to the lymph nodes but
instead circulate to inﬂamed tissues where the effector cells can
react to antigens (Sallusto and Lanzavecchia, 2000). Therefore, a
decrease in CD4+ and CD8+ effector memory T cells may lead to
a decreased capacity of the body to respond to antigenic-related
inﬂammation. Through this mechanism, our observed decrease
in CD4+ effector memory T cells among TCE-exposed work-
ers compared to unexposed controls suggests that TCE exposure
may result in immunosuppression resulting in a reduced capac-
ity for individuals to respond to antigens and antigenic-related
inﬂammation.
In support of the biological plausibility of occupational TCE
exposure leading to decreased immune functions, TCE expo-
sure has been associated with immunosuppression in animals,
and to a limited extent in humans (Wartenberg et al., 2000;
Iavicoli et al., 2005; Cooper et al., 2009). Given that altered
immunity, including immunosuppression, is an established risk
factor for NHL (Ducloux et al., 2002), it is conceivable that
TCE exposure may be mechanistically associated with NHL
through the reduced capacity to respond to antigenic-related
inﬂammation. This would be consistent with a number of stud-
ies that have linked occupational exposure to TCE and NHL
(Raaschou-Nielsen et al., 2003; Purdue et al., 2010). There-
fore, our ﬁndings add to the biologic plausibility that TCE is a
lymphomagen.
Inconclusion,theselectivetargetingofTCEexposureonCD4+
naïve and CD4+ effector memory T cells, and CD8+ naïve T
cells observed in our study, provide further insights into the bio-
logic response of human immune cells upon exposure to TCE,
which may include immunosuppression through reduced capac-
ity to respond to antigens. These results show that TCE exposure
speciﬁcally affects CD4+ and CD8+ T cell subsets and provide
further support for the biologic plausibility that TCE is associated
with risk of NHL; however, caution should be used when inter-
preting these ﬁndings until conﬁrmed in additional studies given
the small sample size of our study and the potential confound-
ing from additional factors that may inﬂuence lymphocyte cell
counts.
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